NOVEL NANOSIZED FRICTION MODIFIERS FOR ENGINE,  GEARBOX AND ROLLING BEARINGS LUBRICANTS by Senatore, Adolfo et al.
Adolfo Senatore, et al., Novel nanosized friction modifiers for engine, gearbox and rolling bearings lubricants 
Contemporary Materials, VIí1 (2015)                                                                                                            Page 1 of 14 
 
 
Original scientific papers                                                                                                                    UDK 629.3-62:621.38  
doi: 10.7251/COMEN1501001S 
 
 
NOVEL NANOSIZED FRICTION MODIFIERS FOR ENGINE,  
GEARBOX AND ROLLING BEARINGS LUBRICANTS 
 
Adolfo Senatore*, Maria Sarno, Paolo Ciambelli 
1Department of Industrial Engineering, NANO_MATES Research Centre 
University of Salerno, via Giovanni Paolo II, 132 
I-84084 Fisciano, Salerno, ITALY 
 
 
Abstract: In this paper the tribological performances of graphene oxide nanosheets 
in mineral oil under wide spectrum of conditions, from boundary and mixed lubrication to 
elastohydrodynamic regimes, are reported. Nanosheets of graphene oxide prepared by a 
modified Hummer method have been dispersed in Group I mineral oil. The formulated 
lubricant has been tested through a ball on disc setup tribometer to quantify the friction 
reduction with respect to the base mineral oil. The good friction and anti-wear properties of 
the graphene-oil mixture may possibly be attributed to the small structure of the nanosheets 
and their extremely thin laminated structure, which offer lower shear stress and prevent 
direct interaction between metal asperities in engine applications as well as gearbox 
environment. The results clearly prove that graphene platelets in oil easily form protective 
film to prevent the direct contact between steel surfaces and, thereby, improve the frictional 
behaviour of the base oil. This evidence is also related to the frictional coefficient trend in 
the boundary regime. Furthermore, hybrid organic–inorganic nanocomposites with different 
composition were successfully tested as antifriction and antiwear additives for grease 
lubricants as potential breakthrough media in rolling bearings applications. 
Keywords: graphene oxide, nanosheets, nanosized friction modifier, wear 
reduction, grease lubricant, hybrid nanoadditives. 
 
 
1. INTRODUCTION 
 
In the field of tribological applications, nano-
particles as additives in base oil have been 
extensively investigated. These studies refer to 
synthesis and preparation of nanoscale particles, and 
their tribological properties and friction reduction 
mechanisms. It has been found that when the nano-
particles were added to base oil, the extreme-
pressure property and load-carrying capacity were 
improved and friction coefficient was decreased.  
In the past few years, nested spherical supra-
molecules of metal dichalcogenide have been 
synthesized by reaction of metal oxide nanoparticles 
with H2S at elevated temperatures. Because of their 
nested fullerene-like structure, these species are 
known as inorganic fullerene-like (IF) nanoparticles. 
The IF nanoparticles exhibited improved tribological 
behaviour compared to the micro-scale platelets for 
their robustness and flexibility. The tribological pro-
perties of fullerene-like nanoparticles as additive to 
liquid lubricants were studied in [1í4].  
Recently, due to high load-bearing capacity, 
low surface energy, high chemical stability, weak 
intermolecular, and strong intramolecular bonding, 
nanocarbon materials have received a great deal of 
attention by tribology researchers. In recent years, 
due to their unique structure and remarkable proper-
ties, graphene platelets have been the focus of inte-
rest in studies on practical applications. However, 
few studies on the tribological applications of grap-
hene platelets have been reported so far. A number 
of researchers have reported that graphite [5] and 
some graphite derivatives [6,7] as well as other 
lubricant materials [8í10] together have the above 
desirable properties. Lin et al. [11] investigated the 
tribological properties of graphite nanosheets as an 
oil additive. These materials are characterized by 
weak interatomic interactions between their layers 
(Van der Waals forces), low-strength shearing [12]. 
In [13], the tribological behaviours of graphene she-
ets modified by oleic acid and dispersed in lubricant 
oil were investigated using a four-ball tribometer. 
Huang et al. [14] investigated the tribological 
properties of graphite nanosheets as an oil additive. 
They found that the frictional behaviour and anti-
wear ability of lubricating oil were improved when 
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graphite nanosheets were added to the paraffin oil at 
the optimal concentration. 
In particular, to ensure uniform dispersion 
without any agglomeration of the graphene oxide (GO) 
in the base oil, taking advantage of the surface –OH 
and –COOH introduced during the GO preparation, a 
functionalization with long chain compounds (i.e. alip-
hatic amine to obtain the amide derivative) enhances 
the dispersion in non-polar solvents [11].  
On the other hand, the additives such as car-
bon and even more, if functionalized with -OH and-
COOH groups that increase their polarity, can be 
dispersed through the use of a dispersant [13], avoi-
ding further chemical reactions and using a 
methodology well known to the lubricant industry.  
In the present study the tribological behaviour 
of graphene nanosheets in Group I base mineral 
SN150 was investigated under a very wide spectrum 
of conditions, i.e. from boundary and mixed lubrica-
tion to the elastohydrodynamic (EHL) regimes. To 
explore the performances of the nanosheets in the 
lubricating fluid, a rotational tribometer with a ball 
on disc setup has been employed. 
Raman analysis on the steel ball worn surfa-
ces was performed to investigate the presence of 
graphitic material on the mating surfaces after tribo-
logical tests, in order to verify the formation of a 
protective film on the rubbing surfaces due to the 
additive.  
Furthermore, a new synthetic strategy to obtain 
hybrid organic-inorganic oleylamine@MoS2-CNT 
nanocomposites with different compositions is repor-
ted in the second part of this paper. Such materials 
were dispersed in grease lubricants to evaluate their 
anti-friction and anti-wear properties. The tribological 
characterization provides useful data to consider the 
inclusion of such novel materials in lubricant grease for 
rolling bearings from high- to very-high hertzian con-
tact pressure conditions. 
 
 
2. GRAPHENE OXIDE NANOSHEETS IN 
OIL LUBRICANT 
 
2.1. Nanosheets preparation and 
characterization 
2.1.1. Materials 
 
Graphene Oxide (GO) nanosheets were 
prepared at the laboratories of the Nano_Mates 
centre by a modified Hummer method [15]. The 
oxidation of graphite particles were obtained from 
Lonza [16,17] to graphitic oxide accomplished with 
water-free mixture of concentrated sulfuric acid, 
sodium nitrate and potassium permanganate. The 
entire process requires less than two hours for 
completion at temperatures below 45 °C. With an 
aid of further sonication step, the oxidized graphite 
layers were exfoliated from each other. Then 30% 
H2O2 was added to the suspension to eliminate the 
excess MnO4í. The desired products were rinsed 
with deionized water. The remaining salt impurities 
were eliminated with resinous anion and cation 
exchangers. The dry form of graphitic oxide was 
obtained by centrifugation followed by dehydration 
at 40 °C.  
A polyisobutyl succinic acid-polyamine ester 
was sonicated with the GO nanosheet in base oil to 
provide dispersion stability of the additive; the 
weight ratio GO/dispersant was 3.5. The dispersant 
has a polar head that attaches itself to the solid 
particles and a very long hydrocarbon tail that keeps 
it suspended in oil.  
Once several dispersant polar heads have 
attached themselves to a solid particle, the dispersant 
can no longer combine with other particles to form 
large aggregates, enwrapping one nanoparticle to 
repel another and thereby form a uniform 
suspension. 
 
2.1.2. Characterization methods 
 
Scanning electron microscopy (SEM) pictures 
were obtained with a LEO 1525 microscope. The 
samples, without any pre-treatment, were covered 
with a 250 Å thick gold film using a sputter coater 
(Agar 108 A). Raman spectra were obtained at room 
temperature with a microRaman spectrometer 
Renishaw inVia with 514 nm excitation wavelength 
(laser power 30 mW) in the range 100í3000 cmí1. 
Optical images were collected with the optical 
microscopy connected on line with the Raman 
instruments. XRD measurements were performed 
with a Bruker D8 X-ray diffractometer using CuKD 
radiation. Micro X-ray diffraction patterns were 
obtained by an PX í ray diffractometer (Rint Rapid, 
Rigaku Corporation). 
 
2.2. Tribological tests description 
 
In this study, the investigated tribopair was 
composed by an upper rotating disc and a lower ball 
specimen completely immersed in a temperature-
controlled lubricant bath in line with the features of 
the used tribometer, Wazau TRM100. The upper 
element of the tribopair was a X155CrVMo12-1 
steel disc, 60 HRC, roughness Ra = 0.50 ȝm and  
105 mm diameter, the lower one was a X45Cr13 
steel ball, 52-54 HRC, 8 mm in diameter.  
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The tribological test rig used for exploring the 
effectiveness of nanosized friction modifiers is the 
Wazau TRM 100 with the ball-on-rotational disc 
setup as in the drawing in Figure 1. The two mating 
materials are: (ball) steel X45Cr13, hardness: HRC 
52-54, diameter: 8 mm, mean surface roughness: 
 0.2 Pm; (disc) steel X155CrVMo12-1, hardness: 
HRC 60, diameter: 105 mm, mean surface roug-
hness: 0.5 Pm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Tribopair functional scheme 
 
The normal force to the ball-disc contact was 
delivered by a lever system and could be varied in 
the range of 0-100 N; its value was measured thro-
ugh a load cell placed under the specimen holder. 
The following average hertzian pressures were used 
at the ball/disc interface with normal load given in 
brackets: 1.17 GPa (30 N), 1.47 GPa (60 N), 1.68 
GPa (90 N). The tests were performed for three dif-
ferent temperatures, 25, 50 and 80 °C, and the lubri-
cant average temperature has been kept constant 
through a NiCr-Ni-thermocouple in the oil reservoir 
and an electric resistance driven by a digital control-
ler. This control system allows a control range from 
room temperature up to 100 °C. 
Speed-sweep tests at constant load on broad 
sliding speed range have been performed to cover 
different lubrication regimes with an aim to 
minimize the modification of the tribopair steel 
surfaces. For this reason, the time extension of each 
test was limited to 16 minutes. The disc speed rose 
up to 2.20 m/s in the first 4 minutes and dropped to 
zero in the following 4 minutes. This speed pattern 
was repeated twice. The current design of this 
experiment allowed obtaining of a complete Stribeck 
frictional graph. 
The tests were performed for three different 
temperatures, i. e. 25, 50 and 80 °C. All the samples 
have been stirred before each test for 20 minutes by 
means of a Turrax T 25 Digital homogenizer with 
adjustable speed. No chemical dispersant agents 
were used in order to explore the benefits coming 
from the pure addition of nanoparticles. 
Tests were also carried out to analyse the 
influence of GO addition to the base oil on wear 
behaviour of the steel ball/disc tribopair through 
steady state rubbing tests, see section 3.2.2. For 
these tests, constant values for average hertzian 
pressure, temperature and speed were chosen.  
 
2.3. Graphite and GO characterization  
 
Graphite chips and GO nanosheets are shown 
in Figures 2a, 2b and 2c, 2d, respectively. The ima-
ges at higher magnification (Figures 2b and 2d), evi-
dence the loss of the chips structure of original grap-
hite to GO transparent and thin flakes.  
 
     
   
Figure 2. Graphite (a, b), GO (c, d)  
 
a b 
c d 
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2.4. Tribological results 
2.4.1. Friction coefficient 
 
The measured data are presented according to 
the Stribeck curves representation, i. e. friction coef-
ficient vs. sliding speed. The results obtained for the 
lubricant sample formulated with GO nanosheets for 
different level of temperature and average hertzian 
contact pressure are shown below. The main proper-
ties of the base oil were: kinematic viscosity,  
29.7 cSt at 40 °C, 5.1 cSt at 100 °C; density at 20 ºC, 
0.87 kg/m3. 
A comparison between the samples SN150 
with 0.1 w. t.% GO and the SN150 base oil shows 
that reduction of the friction coefficient for the sam-
ple with graphene nanoparticles is remarkable, Figu-
re 3 aíf.  
 
a. b.  
 
c. d.  
 
e.  f.  
Figure 3. Stribeck curves comparison from the sweep-speed test (SN150 í black, SN150 with 0.1 w.t.% GO í red) 
 
 
These results show a decrease of the friction 
coefficient for increasing average hertzian contact 
pressure for the formulated sample; the same 
behaviour has been observed for the base oil 
according to a point-contact studied effect: the shear 
stress increases less in proportion to the contact 
pressure; this leads to a slight reduction of friction 
[18]. As expected, for a given sample, the minimum 
of the Stribeck curve moves right for the increasing 
temperature due to the lower viscosity. Additionally, 
for each sample, the CoF increased with the 
temperature at a given level of speed and contact 
pressure. This observation could mainly be 
addressed to the effect of the lower lubricant 
viscosity and the ensuing GO precipitation at higher 
temperature.  
These Stribeck curves at three levels of avera-
ge hertzian pressure (1.17 GPa, 1.47 GPa and  
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1.68 GPa) show a shape with a well-developed 
minimum, which is considered as transition from a 
mixed lubrication regime to EHL regime for increa-
sing speed [19]. This frontier divides the region with 
concurrent phenomena of solid-to-solid contacts, 
adhesion and interaction between friction modifier 
additives and steel surface (mixed lubrication) from 
the other with predominant viscous stress and elastic 
deformation of the tribopair surfaces (EHL). For 
instance, the transition appears in the speed range 
0.30í0.40 m/s for the test at 25 °C and 0.50í0.60 
m/s at the higher temperature, 80 °C. 
These tests confirm that using graphene 
nanoparticles in lubricants enhances the friction 
reduction in the boundary, mixed and EHL 
lubrication regimes. 
For instance, with average contact pressure of 
1.17 GPa and temperature in the range 25í80 °C, 
the average friction coefficient decreased by 20% of 
the base lubricant value, but a similar average 
reduction could be observed for all the combinations 
of the operating conditions. Even in the heaviest test 
conditions (high pressure and temperature) and in 
fully developed EHL regime where the viscous 
stress is prevalent, the CoF reduction is greater than 
8% (Figure 5f). 
1-hour sliding tests were also performed to 
analyse the influence of the progressive wearing of 
the mating materials on the friction coefficient 
(Figure 4). The average friction coefficients 
measured during these steady state tests are 
presented in Tables 1 and 2. According to ISO/IEC 
Guide 98-3:2008, the average friction coefficients 
are presented with expanded uncertainty equal to  
5 10í3, coverage factor k = 2. 
The lubrication regimes in these tables and 
Figure 4 are identified according to the results of the 
Stribeck curves.  
 
a.  
 
b.  
Figure 4. Friction coefficient in 1-hour steady state test with average hertzian contact pressure 1.68 GPa and oil  
temperature 80 °C: (a) sliding speed 5.0 mm/s, boundary regime; (b) sliding speed 0.50 m/s, mixed regime  
(SN150 í black, SN150 with 0.1 w.t.% GO – red) 
 
Table 1. Friction coefficient in steady boundary and EHL lubrication conditions at 25°C  
Sample 
Average hertzian contact pressure 1.68 GPa 
Oil temperature 25 °C 
 
Average friction coefficient at 5.0 
mm/s sliding speed 
Boundary regime 
Average friction coefficient 
at 0.50 m/s sliding speed 
EHL regime 
 
Difference 
SN150 – Base oil 0.158 0.142  Benchmark 
SN150 with 0.1 w.t.% GO 0.136 0.118  í14%      í17% 
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Table 2. Friction coefficient in steady boundary and mixed lubrication conditions at 80°C  
Sample 
Average hertzian contact pressure 1.68 GPa 
Oil temperature 80 °C 
 
Average friction coefficient at 
5.0 mm/s sliding speed 
Boundary regime 
Average friction coefficient 
at 0.50 m/s sliding speed 
Mixed regime 
 
Difference 
SN150 – Base oil 0.173 0.163  Benchmark 
SN150 with 0.1 w. t. % GO 0.141 0.139  í18%      í15% 
 
 
2.4.2. Wear parameter 
 
At the end of each 1-hour steady state test, the 
worn surface of the steel ball has been measured 
with an optical microscope to acquire the wear scar 
diameter (WSD). The WSD values are reported in 
Tables 3í4. According to ISO/IEC Guide 98-
3:2008, the wear scar diameter (WSD) results are 
listed with expanded uncertainty equal to 20 Pm, 
coverage factor k = 2.  
The anti-wear property of GO as an additive 
for liquid lubricants has been clearly exhibited in all 
the lubrication regimes.  
In particular, the presence of graphene oxide 
in the formulated samples, leading to the reduction 
of the ball wear scar diameter data equal to 12%, 
27% and 30% in boundary, mixed and EHL regime, 
respectively. 
 
 
Table 3. Wear scar diameter (WSD) after 1-hour boundary and EHL regime test at 25 °C 
Sample 
Average hertzian contact pressure 1.68 GPa 
Oil temperature 25 °C 
 
Ball wear scar diameter [ȝm] 
at 5.0 mm/s sliding speed  
Boundary regime 
 Ball wear scar diameter [ȝm] 
at 0.50 m/s sliding speed  
EHL regime 
 
Difference 
SN150 – Base oil 
 
 
600 
 
 
900 
 
 
 
 Benchmark 
SN150 with 0.1 w.t.% GO 
 
 
530 
 
 
630 
Pictures not to scale 
 
í12%      í30% 
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Table 4. Wear scar diameter (WSD) after 1-hour boundary and mixed regime test at 80 °C 
Sample 
Average hertzian contact pressure 1.68 GPa 
Oil temperature 80 °C 
 
Ball wear scar diameter [ȝm] 
at 5.0 mm/s sliding speed  
Boundary regime 
 Ball wear scar diameter [ȝm] 
at 0.50 m/s sliding speed  
Mixed regime 
 
Difference 
SN150 – Base oil 
 
 
620 
 
 
910 
 
 
 
 Benchmark 
SN150 with 0.1 w.t.% GO 
 
 
540 
 
 
660 
Pictures not to scale 
  
 
 
í13%     í27% 
 
 
 
2.5. Raman spectrum of the worn surface 
 
In Figure 5 the Raman spectra of graphite and 
graphene oxide nanosheets are reported. In 
particular, in the spectrum of graphite, the most 
prominent features [20], the so-called G band 
appearing at 1582 cmí1 [21] and the G’ or 2D band 
at about 2700 cmí1, using 514 nm excitation 
wavelength, are collected. The G’ band at room 
temperature can be fitted with two Lorentzian lines. 
A broad D-band, due to disorder or edge [22] of a 
graphite sample, can be also seen at about a half of 
the frequency of the G’ band (around 1350 cmí1 
using 514 nm laser excitation). The oxide graphene 
shows, as expected, improved D band intensity and 
flattening of the 2D line and displays a shift to 
higher frequencies (blue-shift) of a broader G band 
[23]. In figure 5, the Raman Spectrum collected on 
the ball wear after a 2 hours test at p=1.68 GPa,  
T = 25 °C, v = 0.5 m/s is also reported. A notable 
fact is that the G band of this spectrum is located 
almost at the same frequency as that in the graphite, 
while the G’ band exhibits a single Lorentzian 
feature and D-band results reduced, evidencing the 
presence of a thin carbon film (“tribo-film”) on the 
wear scar surface. 
 
 
Figure 5. Raman spectra of Graphite, GO and reduced GO on the ball wear scar after 2-h sliding test 
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3. DISPERSION OF HYBRID ORGANIC-
INORGANIC NANOADDITIVES IN 
GREASE 
 
The development and use of these materials at 
the nanometric scale, with a different shape and 
morphology, such as fullerene-like materials 
[24í29] inorganic and carbon nanotubes [30í33], 
disulphide nano sheets and graphene [34í39] have 
shown better tribological properties, either in friction 
reduction or wear resistance, than bulk microsized 
disulphides and graphite. In order to conjugate and 
to enhance, through a unique synergy, the 
performances of these extraordinary materials at the 
nanoscale, the synthesis of hybrid-nanostructures, 
made by CNT and nanochalcogenides, has become 
an important goal not only in lubrication [40í43] but 
also in other research fields, such as energy 
conversion and storage [44í47], reinforced 
nanocomposites [48] and solar cells [49]. For these 
reasons, binary systems such as MoS2-coated carbon 
nanotubes have been recently synthesized by 
hydrothermal route [50í51], impregnation and 
annealing [38,52,53], electrodeposition [41]. Here 
we describe the main results from tribological test 
performed on dispersions of hybrid organic-
inorganic oleylamine@MoS2-CNT nanocomposites 
in Lithium and Calcium based greases.  
The synthetic strategy to obtain such hybrid 
organic-inorganic nanosized materials is explained 
in details in [54]. 
Ⱥ new synthetic strategy to obtain hybrid 
organic-inorganic oleylamine@MoS2-CNT nano-
composites.  
 
3.1. Preparation of OA@MoS2-CNT nano-
composite.  
 
30 mg of CNT were mixed with 0.4 g of 
(NH4)2MoS4 in 18 ml of oleylamine and sonicated for 
30 minutes. The red homogeneous dispersion was tran-
sferred to a three-necked spherical flask of 100ml, 
equipped with a water condenser. The reaction mixture 
was gradually (5 °C/min) heated to 360 °C and mainta-
ined at this temperature for 60 min under nitrogen 
atmosphere and magnetic stirring. The reactor was 
cooled to room temperature by removing the heating 
mantle and the product was collected by centrifugation 
after washing with ethanol. 
 
3.2. Preparation of OA@CNT-MoS2 nano-
composite.  
 
An analogous procedure was used to produce 
CNT@MoS2 nanocomposite with CNT in excess 
with respect to MoS2. In this case 0.18g of CNT 
were mixed with 0.06 g of (NH4)2MoS4 in  
18 ml of oleylamine. 
 
3.3. Preparation of dispersions in lubricant 
greases.  
 
Different amounts of oleylamine@CNT-MoS2 
or oleylamine@MoS2-CNT nanocomposite were 
added to calcium-based grease NLGI2 (Ca NLGI2) 
and lithium-based grease NLGI3 (Li NLGI3) and 
their anti-friction and anti-wear performance have 
been tested. The compositions of samples are repor-
ted in table 5. The experimental details for the 
synthesis of OA@MoS2, used as reference nanoad-
ditive, have been reported in a previous work [55].  
 
3.4. Transmission electron microscopy 
analysis.  
 
In Figures 6 and 7, TEM images of 
OA@MoS2-CNT- and OA@CNT-MoS2 are repor-
ted. Since both molybdenum and sulphur atoms have 
larger weight than the carbon atom, the MoS2 results 
highly contrasted. In panels (a) and (b) of Figure 6, 
nanosheets (1 to 3) of MoS2 dispersed in oleylamine 
are clearly visible. They have an average d space 
(002) of 6.7±2 Å39. On the other hand, it is very 
difficult to focus on CNT in this sample, as eviden-
ced in the image of panel (c), where nanosheets of 
MoS2 can be observed on the nanotubes external 
surface. CNTs dipped in an oleylamine matrix cove-
red by MoS2 nanosheets are clearly visible in Figure 
7 for OA@CNT-MoS2. MoS2 can deposit easily on 
the outer surface of the carbon nanotube matrix 
owing to the nearly identical crystal structure of 
graphite and layered MoS2. CNTs have 10-20 nm 
outer diameter and 4í12 carbon walls (Figure 7d) 
partially sheathed with 1-3 layer MoS2 nanosheets 
(Figure 7c and Figure 1) [31].  
 
Table 5. Composition of grease samples tested 
Grease  Nanoadditive Wt.%  of nanoadditive 
Ca NLG2 OA@MoS2 0.1  
Ca NLG2 OA@MoS2-CNT  0.1  
Ca NLG2 OA@CNT-MoS2 0.1  
Li NLGI3 OA@MoS2 0.1   
Li NLGI3 OA@MoS2-CNT  0.1   
Li NLGI3 OA@CNT-MoS2 0.1  
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Figure 6. TEM images of OA@MoS2-CNT at different magnification 
 
 
Figure 7. TEM images of OA@CNT-MoS2 (a, b, c) and CNT (d) at different magnification 
200nm 200 nm 
10 nm 10 nm 
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3.5. Tribological results 
 
The experimental data are referred to steady 
sliding tests aimed at investigating two different 
lubrication regimes. A normal load level of 90 N has 
been applied to attain an average hertzian contact 
pressure around 1.7 GPa. The grease temperature 
has been kept constant at room level in each test. 
The relative motion between the steel ball and the 
disc was pure sliding at two speed levels: 5.0 mm/s 
and 0.50 m/s. According to the previous results achi-
eved by the authors on Calcium and Lithium greases 
for the same tribopair geometry, average contact 
pressure and temperature, the boundary lubrication 
regimes and the mixed lubrication, as superposition 
of boundary and elastohydrodynamic lubrication 
(EHL) regimes were covered [35,56,57]. 
For each experiment, both the ball and the 
disk were pre-cleaned and the grease was then 
evenly pasted on the disk sliding path forming a 
layer with thickness of 2 mm at least. The test length 
was 60 minutes; thus, the actual sliding distance was 
18 m and 1800 m for the speed of 5.0 mm/s and  
0.50 m/s, respectively. The friction coefficient has 
been indirectly measured in real-time by means of a 
torque sensor on the ball holder plate. The wear 
damage circle on the top of the steel ball was measu-
red off line by optical microscopy. 
The results of the friction tests, performed 
under the operating conditions described above, in 
both the investigated lubrication regimes are sum-
marized in the Table 6. Tests were also performed to 
analyse the behaviour of the lubricating grease sam-
ples with regard to the wear damage of the steel ball 
surface. In particular, the worn surface of the steel 
ball has been analyzed by means of an optical mic-
roscope to measure the wear scar diameter (WSD), 
Table 7. According to the ISO/IEC Guide 98-3:2008, 
the expanded uncertainty of the frictional data and 
WSD measurements are 5.0x10í3 and 20 Pm, 
respectively, by assuming the coverage factor k = 2. 
Both in lithium and calcium greases, the addition of 
OA@MoS2-CNT (constituted essentially of MoS2 
nanosheets and few coaxial CNT-MoS2 nanotubes 
coated by oleylamine) determines a reduction of 
friction and wear at ball-disc interface with respect 
to OA@MoS2. Better performances with regard to 
the frictional and wear reduction are offered by the 
samples with 0.1 w. t.% concentration of  
OA@CNT-MoS2 in either calcium and lithium base 
greases. 
 
Table 6. Friction coefficients in boundary and mixed regimes 
Sample Friction 
coefficient in 
Boundary regime [-] 
Friction 
coefficient in 
Mixed regime [-] 
Difference 
Ca NLGI 2 0.110 0.100 Benchmark 
Ca NLGI2 at 0.1 w.t.% of OA@MoS2 0.094 0.092 í15%        í8% 
Ca NLGI2 at 0.1 w.t.% of OA@MoS2-CNT 0.090 0.081 í18%       í19% 
Ca NLGI2 at 0.1 w.t.% of OA@CNT-MoS2 0.083 0.080 í25%       í20% 
Li NLGI 3 0.090 0.090 Benchmark 
Li NLGI3 at 0.1 w.t.% of OA@MoS2 0.081 0.080 í10%     í11% 
Li NLGI3 at 0.1 w.t.% of OA@MoS2-CNT 0.077 0.073 í14%     í19% 
Li NLGI3 at 0.1 w.t.% of OA@CNT-MoS2 0.071 0.069 í21%     í23% 
 
Table 7. Wear results in boundary and mixed regimes 
Sample Ball wear scar diameter 
[Pm] 
Boundary regime 
Ball wear scar 
diameter [Pm] 
Mixed regime 
Difference 
Ca NLGI 2 820 1200 Benchmark 
Ca NLGI2 at 0.1 w.t.% of OA@MoS2 730 940 í11%   í22% 
Ca NLGI2 at 0.1 w.t.% of OA@MoS2-CNT 710 900 í13%   í25% 
Ca NLGI2 at 0.1 w.t.% of OA@CNT-MoS2 660 820 í20%   í32% 
Li NLGI 3 800 920 Benchmark 
Li NLGI3 at 0.1 w.t.% of OA@MoS2 700 820 í13%   í11% 
Li NLGI3 at 0.1 w.t.% of OA@MoS2-CNT 690 800 í14%   í13% 
Li NLGI3 at 0.1 w.t.% of OA@CNT-MoS2 640 720 í20%   í22% 
 
 
This finding clearly shows an active role of 
the hybrid nanoadditive OA@CNT-MoS2, in which 
the inorganic core is made of coaxial CNT-MoS2 
coated by oleylamine, in the decreasing of mechani-
cal energy loss due to the shearing motion of the 
grease layers and in the interaction of the nanoaddi-
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tive with tribopair rough surfaces as well. The 
enhanced tribological properties are probably due to 
the high resilience and elasticity of coaxial CNT-
MoS2 nanotubes [41] combined with the higher 
volume/weight ratio of the CNTs.  
 
3.6. Discussion 
 
An incessant literature dispute on the friction 
reduction mechanism introduced by  nanoparticles 
as lubricant additives finds in the following list the 
more convincing physical explanations: rolling-
sliding „rigid” motions together with flexibility 
properties [58í60], nanoadditive exfoliation and 
material transfer to metal surface to form the so-
called „tribofilm” or „tribolayer” [1í3], electronic 
effects in tribological interfaces [3,61,62], surface 
roughness improvement effect or „mending” [63]; 
along with the more classical hypothesis of surface 
sliding on lower shear stress layers due to weak 
interatomic forces, valid also for micro-scale 
additives used for decades. 
The experimental evidences of this paper 
could represent a proof of the presence of a 
tribological film of reduced graphene oxide which 
covers the whole worn surface of the steel ball. The 
since-start reduction of friction coefficient in both 
the Figs. 4 could be addressed to the surface rubbing 
through the low shear stress GO layers. The 
smoothly decreasing friction coefficient in boundary 
regime in Figure 4a may be related to the tribofilm 
development. 
The GO 0.1 w. t.% concentration is quite 
lower than the usual one for inorganic nanoadditives 
[1,3] and carbon nanotubes [64] and in line with the 
previous studies in which oleic acid-modified 
graphene was used [13]. This feature is welcomed in 
the preparation of fully formulated engine or 
gearbox lubricants since the GO addition could only 
slightly modify a delicate equilibrium achieved by 
oil manufacturers between the essential and 
ubiquitous additives as antioxidant, viscosity 
modifier, pour-point depressant and other minors. 
About the nanohybrid based grease lubricants, 
tests using pure CNT have been also performed to 
better understand the tribological behaviour of such 
materials composite additives. A physical mixture of 
CNT/oleylamine, in the right proportion, and calci-
um based grease, adding a total of 0.1 w. t.% of 
oleylamine+CNT, has been obtained by sonication. 
The mixture has been tested under boundary lubrica-
tion conditions, finding a -18% of reduction of the 
friction coefficient with respect to the pure Ca 
NLG2, while the ball wear scar diameter showed a 
difference of í15%. These results, better than that 
exhibited by the OA@MoS2 nanocomposite but 
worse than that shown by adding OA@CNT-MoS2, 
confirm a key role of the hybrid materials, characte-
rized by an intimate connection between the 
oleylamine and the MoS2/CNT surfaces, resulting in 
an improvement of the additive dispersion in a 
quasi-solid matrix and determining better perfor-
mances at the same weight concentration. It is 
noteworthy that another intrinsic advantage lays in 
the composite chemical nature of nanohybrid, to 
spend also under other test conditions. Moreover, 
lithium-based grease classified as NLGI3, according 
to the standard ASTM D 217, provides better tribo-
logical behaviour on the whole testing spectrum than 
the calcium-based grease, NLGI 2, as expected. The 
improved values of the frictional coefficient and 
wear parameter due to the addition of nanoadditives 
seem to replicate the differences found by testing the 
original commercial samples. 
 
 
4. CONCLUDING REMARKS 
 
The tribological tests confirm a good reduc-
tion of friction and wear parameters in boundary 
lubrication, mixed lubrication and EHL regimes 
achieved with mineral oils formulated with Graphe-
ne Oxide (GO) nanosheets prepared at the laborato-
ries of the Nano_Mates research centre, University 
of Salerno. For instance, with 1.17 GPa as average 
hertzian contact pressure and temperature in the ran-
ge 25í80 °C, the average CoF decreased by more 
than 20% compared with the base lubricant value. 
The sliding tests in steady state conditions have 
shown an average reduction of CoF equal to 16%. 
The frictional reduction benefit has been proven at 
any level of oil temperature, contact pressure and 
sliding speed. 
The best anti-wear result has been observed 
on the ball surface in the mixed lubrication and EHL 
regime, with the marked average decreasing around 
30%. A tribological film of reduced GO nanosheets 
after the tribological test covers the ball wear scar. 
The tendency toward the precipitation is a 
drawback for the formulated sample at the higher 
temperatures due to the lower lubricant viscosity. 
The good friction and anti-wear properties of 
graphene sheets may be possibly attributed to their 
small structure and extremely thin laminated 
structure, which offer lower shear stress and prevent 
interaction between metal interfaces. 
The results clearly prove that graphene 
platelets in oil easily form protective deposited films 
to prevent the rubbing surfaces from coming into 
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direct contact and, thereby, improve the entirely 
tribological behaviour of the oil.  
New hybrid organic–inorganic nanocomposi-
tes, made by an inorganic core of CNT/MoS2 coaxial 
nanotubes coated by oleylamine molecules was also 
successful obtained by an innovative synthetic 
strategy by thermal decomposition of 
tetrathiomolybdate in the presence of oleylamine 
and multi-walled carbon nanotubes (MWCTN). 
Such hybrid nanostructures conjugate and enhance, 
through a unique synergy, the performances of CNT 
and nanochalcogenides, with the organic coating that 
promotes the compatibility in a-polar matrix (sol-
vent, oil, grease). Nanohybrid composites, that are a 
potential candidate for a wide range of applications, 
were successfully tested as anti-friction and anti-
wear additives. Nanocomposite samples were cha-
racterized by TEM, SEM TG-MS, Raman and XRD 
and successfully tested as antifriction and anti-wear 
additives for grease lubricants.  
Future works will focus toward: methods for 
dispersion improvement of nanoparticles in oil; 
addition to other bases, fully formulated oils with 
standard additive compounds and grease for special 
applications (e.g. vacuum grease); search of optimal 
concentration and testing at lower contact pressure 
to verify the existence of activation threshold related 
to nanoparticles structure modification. 
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ɋɚɠɟɬɚɤ: ɍ ɨɜɨɦ ɪɚɞɭ ɩɪɢɤɚɡɚɧɟ ɫɭ ɬɪɢɛɨɥɨɲɤɟ ɤɚɪɚɤɬɟɪɢɫɬɢɤɟ ɧɚɧɨɫɥɨʁɟɜɚ 
ɝɪɚɮɟɧɨɜɨɝ ɨɤɫɢɞɚ ɭ ɦɢɧɟɪɚɥɧɢɦ ɭʂɢɦɚ ɭ ɲɢɪɨɤɨɦ ɫɩɟɤɬɪɭ ɭɫɥɨɜɚ, ɨɞ ɝɪɚɧɢɱɧɟ ɢ 
ɦʁɟɲɨɜɢɬɟ ɥɭɛɪɢɤɚɰɢʁɟ ɞɨ ɟɥɚɫɬɨɯɢɞɪɨɧɚɦɢɱɤɢɯ ɨɤɪɭɠɟʃɚ. ɍ ɝɪɭɩɭ I ɦɢɧɟɪɚɥɧɢɯ 
ɭʂɚ ɪɚɫɩɪɲɟɧɢ ɫɭ ɧɚɧɨɫɥɨʁɟɜɢ ɝɪɚɮɟɧɨɜɨɝ ɨɤɫɢɞɚ ɩɪɢɩɪɟɦʂɟɧɢ ɦɨɞɢɮɢɤɨɜɚɧɨɦ 
Hummer-ɨɜɨɦ ɦɟɬɨɞɨɦ. Ɏɨɪɦɭɥɢɫɚɧɢ ɥɭɛɪɢɤɚɧɬ ɬɟɫɬɢɪɚɧ ʁɟ ɩɭɬɟɦ ɤɭɝɥɟ ɧɚ 
ɬɪɢɛɨɦɟɬɪɭ ɫ ɞɢɫɤɨɦ ɤɚɤɨ ɛɢ ɫɟ ɢɡɦʁɟɪɢɥɨ ɫɦɚʃɟʃɟ ɬɪɟʃɚ ɭ ɨɞɧɨɫɭ ɧɚ ɨɫɧɨɜɧɨ 
ɦɢɧɟɪɚɥɧɨ ɭʂɟ. Ⱦɨɛɪɟ ɨɫɨɛɢɧɟ ɤɨʁɟ ɦʁɟɲɚɜɢɧɚ ɝɪɚɮɟɧɚ ɢ ɭʂɚ ɢɦɚ ɭ ɫɦɢɫɥɭ ɬɪɟʃɚ ɢ 
ɯɚɛɚʃɚ ɦɨɝɭ ɫɟ ɟɜɟɧɬɭɚɥɧɨ ɩɪɢɩɢɫɚɬɢ ɫɢɬɧɨʁ ɫɬɪɭɤɬɭɪɢ ɧɚɧɨɫɥɨʁɟɜɚ ɢ ʃɢɯɨɜɨʁ 
ɟɤɫɬɪɟɦɧɨ ɥɚɦɢɧɢɪɚɧɨʁ ɫɬɪɭɤɬɭɪɢ, ɤɨʁɢ ɫɦɚʃɭʁɭ ɩɨɫɢɦɢɱɧɨ ɧɚɩɪɟɡɚʃɟ ɢ ɫɩɪɟɱɚɜɚʁɭ 
ɦɟɻɭɞɟʁɫɬɜɨ ɧɟɪɚɜɧɢɧɚ ɦɟɬɚɥɚ ɭ ɩɪɢɦʁɟɧɢ ɦɨɬɨɪɚ ɤɚɨ ɢ ɨɤɪɭɠɟʃɭ ɪɟɞɭɤɬɨɪɚ. 
Ɋɟɡɭɥɬɚɬɢ ɧɟɞɜɨɫɦɢɫɥɟɧɨ ɩɨɤɚɡɭʁɭ ɞɚ ɝɪɚɮɟɧɫɤɟ ɬɪɚɤɢɰɟ ɭ ɭʂɭ ɥɚɤɨ ɮɨɪɦɢɪɚʁɭ 
ɡɚɲɬɢɬɧɢ ɫɥɨʁ ɢ ɬɚɤɨ ɫɩɪɟɱɚɜɚʁɭ ɞɢɪɟɤɬɚɧ ɤɨɧɬɚɤɬ ɢɡɦɟɻɭ ɩɨɜɪɲɢɧɚ ɱɟɥɢɤɚ, 
ɩɨɛɨʂɲɚɜɚʁɭʄɢ ɤɚɪɚɤɬɟɪɢɫɬɢɤɟ ɨɫɧɨɜɧɨɝ ɭʂɚ ɭ ɩɨɝɥɟɞɭ ɬɪɟʃɚ. Ɉɜɚʁ ɞɨɤɚɡ ʁɟ ɬɚɤɨɻɟ 
ɩɨɜɟɡɚɧ ɫɚ ɬɟɧɞɟɧɰɢʁɨɦ ɤɨɟɮɢɰɢʁɟɧɬɚ ɬɪɟʃɚ ɭ ɝɪɚɧɢɱɧɨɦ ɪɟɠɢɦɭ. Ɍɚɤɨɻɟ, ɯɢɛɪɢɞɧɢ 
ɨɪɝɚɧɫɤɢ ɢ-ɧɟɨɪɝɚɧɫɤɢ ɧɚɧɨɤɨɦɩɨɡɢɬɢ ɫɭ ɭɫɩʁɟɲɧɨ ɬɟɫɬɢɪɚɧɢ ɤɚɨ ɚɞɢɬɢɜɢ ɤɨʁɢɦ ɫɟ 
ɫɦɚʃɭʁɟ ɬɪɟʃɟ ɢ ɯɚɛɚʃɟ ɤɨɞ ɦɚɡɢɜɚ ɤɚɨ ɩɨɬɟɧɰɢʁɚɥɧɟ ɫɪɟɞɢɧɟ ɩɪɨɛɨʁɚ ɭ ɩɪɢɦʁɟɧɢ 
ɜɚʂɤɚɫɬɢɯ ɥɟɠɚʁɟɜɚ.  
Ʉʂɭɱɧɟ ɪɢʁɟɱɢ: ɝɪɚɮɟɧɨɜ ɨɤɫɢɞ, ɧɚɧɨɫɥɨʁɟɜɢ, ɦɨɞɢɮɢɤɚɬɨɪ ɬɪɟʃɚ ɧɚɧɨ-
ɜɟɥɢɱɢɧɟ, ɫɦɚʃɟʃɟ ɯɚɛɚʃɚ, ɦɚɡɢɜɨ (ɥɭɛɪɢɤɚɧɬ), ɯɢɛɪɢɞɧɢ ɧɚɧɨɚɞɢɬɢɜɢ.  
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